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We have developed a single-shot terahertz time-domain spectrometer to perform optical-
pump/terahertz-probe experiments in pulsed, high magnetic fields up to 30T. The single-shot
detection scheme for measuring a terahertz waveform incorporates a reflective echelon to create
time-delayed beamlets across the intensity profile of the optical gate beam before it spatially and
temporally overlaps with the terahertz radiation in a ZnTe detection crystal. After imaging the gate
beam onto a camera, we can retrieve the terahertz time-domain waveform by analyzing the resulting
image. To demonstrate the utility of our technique, we measured cyclotron resonance absorption of
optically excited carriers in the terahertz frequency range in intrinsic silicon at high magnetic fields,
with results that agree well with published values.
PACS numbers: 76.40.+b
I. INTRODUCTION
Terahertz time-domain spectroscopy (THz-TDS) is
ideally suited for the study of coherent low-energy dy-
namics in condensed matter, determining the complex
conductivity of the sample with a high signal-to-noise
ratio (SNR) [1–4]. In the presence of a strong exter-
nal magnetic field, a variety of elementary and collective
THz excitations occur associated with spin and orbital
quantization. Probing these excitations through THz-
TDS in high magnetic fields [5–17] can provide valuable
insight into the quantum coherent and nonequilibrium
dynamics of interacting electrons, while potentially lead-
ing to many-body strategies for quantum-based technolo-
gies. However, performing THz-TDS experiments in high
magnetic fields above 10 T remains a formidable techni-
cal challenge. One obstacle has been coupling broadband
THz radiation, often difficult to collimate, into and out
of the sample space of the, generally, large magnet sys-
tems required for generating high magnetic fields. An
attempt to overcome that challenge in a direct current
(DC) magnet involved placing fiber-coupled THz emitter
and receiver packages in the magnet bore, but this led to
difficulty aligning and calibrating these components af-
ter cooling down the system and applying the magnetic
field [18]. Ultrafast pump-probe spectroscopy has been
demonstrated up to 25 T in the recently developed Split
Florida-Helix [19]. Designed with ultrafast spectroscopy
(including THz-TDS) in mind, this magnet has direct
optical access via large window ports to reduce disper-
sion/pulse broadening due to optical fibers. However,
the large size of the magnet, ∼1 m in diameter, should
make aligning THz radiation through the sample space
of the system a significant challenge, as broadband THz
radiation is difficult to collimate and focus over long dis-
tances.
For pulsed magnets, which can generate a higher mag-
netic field with a smaller magnet and cryostat size than
DC magnets [20], the challenge is the speed with which
the THz waveform can be measured. Step-scan meth-
ods to ultrafast time-domain measurements with pulsed
magnets have been reported, where one magnet shot is
required for each gate pulse delay time for both THz-
TDS [21] and time-resolved photoluminescence [22]. For
our magnet system, because of the wait time between
magnet shots, on the order of several minutes for shots
up to 30 T [22], this method proves to be unreasonably
time-consuming for recording the gate signal at many
time delays. To date, reported rapid scanning meth-
ods for THz-TDS in pulsed magnets include using a ro-
tating delay line for measurements up to 12 T with a
40 T magnet [23], an electronically controlled optical
sampling (ECOPS) method up to 2.5 T with a 30 T
magnet [24], and, most recently, an asynchronous opti-
cal sampling (ASOPS) method up to 13 T with a 31 T
magnet [25] to change the relative timing between the
pump and gate pulse for each consecutive pair of laser
pulses. This leads to a mapping of the pump/probe de-
lay time to the real measurement time. For instance,
in Ref. [24], 15 ps of time delay corresponds to 150 µs
of measurement time, which provides slightly less than
1% of magnetic field variation at the peak of the mag-
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2netic field pulse that varies on a timescale of milliseconds.
For shorter-duration magnetic field pulses, for instance
µs pulses in a single-turn coil system, required for ul-
trahigh magnetic field strengths [20], these methods are
simply not fast enough, i.e., the magnetic field variation
significantly complicates data extraction.
Single-shot methods can provide probe time delay in-
formation after a pump pulse for a range of delays, typ-
ically up to 10s of ps, utilizing only a single laser pulse.
This can be achieved by encoding time delay information
on a spectrally chirped gate pulse or by utilizing a spe-
cially designed ‘stair step’ optic to intentionally control
the delay of portions of the pulse front. Spectral encod-
ing techniques can induce distortions in the signal if the
bandwidth of the gate pulse is insufficient as compared to
that of the THz pulse [26]. Recently, Teo et al. reviewed
existing single-shot THz-TDS techniques [27] for multidi-
mensional THz spectroscopy, suggesting the dual trans-
missive echelon technique to be an excellent method. The
authors also mention a transition to using a large reflec-
tive echelon [28] instead of the transmissive echelons for
greater frequency resolution and larger time windows; it
also simplifies data analysis processes because it only uses
one dimension for the time axis. Single-shot THz-TDS
has also been used in optical-pump/THz-probe (OPTP)
spectroscopy experiments, determining the complex di-
electric constant of photogenerated carriers in intrinsic
Si with high SNRs [29].
Here, we have developed a single-shot THz time-
domain spectrometer utilizing a reflective echelon mirror
to measure the THz response of materials at magnetic
fields up to 30 T, sample temperatures down to ∼10 K,
and with the option of optical pumping. We have demon-
strated the utility of the system by measuring the cy-
clotron resonance absorption of photoexcited carriers in
bulk, intrinsic (100) silicon (Si) under these experimental
conditions.
II. EXPERIMENTAL SETUP
We use an amplified Ti:sapphire laser system (Clark-
MXR, Inc. CPA-2001) to generate laser pulses centered
at 775 nm with 1 kHz repetition rate, 150 fs pulse dura-
tion, and 1 mJ pulse energy. A beam splitter is placed in
the path of the beam to reflect 20% of the power for op-
tically pumping a sample and transmit 80% of the power
for the THz generation and detection portions. Two mir-
rors are placed on a 500 mm linear stage in the path of
the portion of the beam for THz generation and detec-
tion to provide a maximum optical delay up to 3.33 ns
between the optical pump and the THz probe pulses. A
second beam splitter is placed in the path after the delay
stage to reflect 10% of the remaining power for single-
shot THz detection and transmit 90% of the remaining
power for THz generation. A second linear delay stage
after this beam splitter is used to adjust the timing of the
gate pulse with respect to the THz pulse. The THz gen-
eration section utilizes the tilted-pulse-front excitation
method [30] for generating THz pulses in Mg-doped stoi-
chiometric LiNbO3 or the more common ZnTe generation
for a greater THz bandwidth. The generated THz radia-
tion is focused through the sample in the pulsed magnet
cryostat system and then finally focused onto a 1-mm-
thick (110) ZnTe electro-optic sampling crystal with an
off-axis parabolic mirror. A pellicle beam splitter is used
to reflect an unfocused optical pump beam towards the
sample for OPTP measurements.
For the detection of THz radiation (see Fig. 1), a re-
flective echelon mirror is used to encode time delay in-
formation across the intensity profile of the near-infrared
gate beam. The echelon mirror is 20 mm × 20 mm in
size with 1000 steps of 20 µm width and step height
of 5 µm. Upon reflection from the echelon mirror, the
150 fs gate pulse becomes a ∼33 ps pulse with a stair-
step wavefront profile. The step height corresponds to
an incremental delay of ∼33 fs between steps; therefore,
there is an oversampling of the time delay when utilizing
an initially 150 fs gate pulse. The gate beam is magni-
fied by two 10× telescopes before the echelon mirror so
that a relatively uniform portion of the intensity profile
reflects off of the echelon mirror. A series of lenses are
used to relay the image of the beam at the face of the
echelon onto a ZnTe electro-optic sampling crystal and
finally onto a silicon charge coupled device (CCD) cam-
era. A quarter-wave plate is used to balance the intensity
of the two polarization components that are separated by
a Wollaston prism located immediately before the cam-
era. A cylindrical lens is used to ‘squeeze’ the image of
both polarizations such that the images for both polar-
izations fit on a single CCD camera (Mightex Systems,
CGE-B013-U).
Figure 2 illustrates the method to extract the THz elec-
tric field from the intensity profile of the gate beam uti-
lizing the single-shot measurement scheme. For each im-
age, we trigger the CCD with a transistor-transistor logic
(TTL) signal from the Pockels cell timing electronics of
the amplified Ti:sapphire laser and set the integration
time of the CCD camera to less than 1 ms, the separation
between laser pulses. Here, we capture 100 images of the
gate beam with the THz generation path both blocked
and unblocked. After taking 100 images and averaging
them for each case, we subtract the two averaged images
to leave only the difference for both polarization compo-
nents of the gate beam. We then separately vertically
sum the remaining counts for both the top and bottom
halves of the difference image. Finally, we subtract these
two traces to get the THz waveform as a function of hor-
izontal pixel location. To calibrate the horizontal axis,
we adjust the delay stage in the gate beam path to shift
the THz waveform to various positions on the image and
use the displacement of the stage to calibrate the time
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FIG. 1: Schematic diagram of the single-shot detection scheme. Two 10× telescopes, L1-L4, are used to expand the optical
gate beam so that a relatively uniform intensity profile reflects off of the echelon mirror. After encoding time delay information
onto the intensity profile of the gate beam with the echelon optic, the intensity profile at the plane of the echelon surface is
imaged onto the electro-optic sampling crystal after reflecting off of a pellicle beam splitter, PBS, overlapping with the THz
beam and finally onto a CCD camera with image relay optics, L5-L8. A Wollaston prism, WP, is used to separate the two
orthogonal polarizations of the elliptically polarized gate beam after a quarter-wave plate, QWP, and a cylindrical lens, CL, is
used to focus the beam in one direction so that both polarizations can be measured with a single CCD camera. Note that the
Wollaston prism and the resulting separated beams are shown rotated 90◦ with respect to the actual orientation.
delay.
Initially, we utilized the tilted-pulse-front excitation
method to generate strong THz pulses in LiNbO3 to en-
sure that the SNR was sufficient to perform single-shot
measurements at high magnetic fields. After successfully
demonstrating the single-shot technique with LiNbO3
generation, we switched to a ZnTe crystal for generat-
ing THz radiation to increase the frequency bandwidth
of the overall spectrometer. For many semiconductors
with a relatively small carrier effective mass, m∗, the
frequency of cyclotron resonance can exceed the band-
width of THz generated with LiNbO3. Figure 3 shows
the measured THz electric field in the time domain and
calculated power in the frequency domain for both gen-
eration schemes. Furthermore, we compare the result of
the single-shot scheme with the commonly used step-scan
method to measure a THz time-domain waveform. In
this comparison, the result of the single-shot technique
utilizes a total of 200 laser pulses (100 with the THz
beam blocked and 100 with the THz beam unblocked),
whereas the step-scan method uses a total of ∼100 pulses
per time delay with ∼500 time delay steps, so, in total,
∼250 times as many pulses are used for the step-scan
method to achieve a similar SNR. Based on the dimen-
sions of the reflective echelon and the subset of the gate
beam imaged onto the CCD camera, the time window for
our measurement is ∼25 ps, which allows for a frequency
resolution of ∼40 GHz. Overall, the agreement between
the single-shot and step-scan techniques is excellent.
For measurements at high magnetic fields, we synchro-
nize the magnetic field pulse and the triggering of the
camera acquisition with the 1 kHz signal of the laser such
that the THz radiation that passes through the sample
at the peak of the magnetic field affects the polarization
of the gate beam image that we measure. One image is
acquired at the peak for each magnetic field pulse; see the
single-shot THz trace in Fig. 4. For the data shown in the
next Section, 4 images were taken with 4 magnetic field
pulses for each peak magnetic field strength. Then, we
subtract a reference measurement using 100 averages and
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FIG. 2: Extracting the THz signal from the camera images. Utilizing a Wollaston prism, a cylindrical lens, and a series of
relay lenses, two orthogonally polarized (denoted + and -) components of the elliptically polarized gate beam are imaged onto
separate portions of the camera, a) and b). The images of the gate beam are shown with, a), and without, b), the THz beam
incident on the ZnTe detection crystal. Images a) and b) are the result of averaging 100 images of individual laser pulses.
The difference, c), between image a) and image b) is calculated by simply subtracting the number of counts at each pixel.
Oscillations due to water vapor absorption are clearly evident in the difference image c). After vertically summing the top and
bottom halves of the difference image, the resultant traces for each polarization component are shown in d) to be very close to
mirror images of one another.
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FIG. 3: Comparison of the single-shot technique with the step scan technique for both LiNbO3 THz generation, a) and b),
and ZnTe THz generation, c) and d). These measurements were performed without the cryostats in place. For the LiNbO3
result, a), the THz beam path was not purged of water vapor whereas the THz beam path for the ZnTe result, c), was in a
dry nitrogen purged environment. All traces are normalized to their peak value.
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FIG. 4: Illustration showing the measured THz electric field
after passing through a silicon sample in the cryostat system
at the peak of the applied magnetic field. The THz radiation
in this trace was generated in LiNbO3, and the THz trace
is a result of a single-shot measurement. The time scale of
the magnetic field pulse is ∼109 times slower than the time
scale of the THz pulse; therefore, the magnetic field variation
during the interaction of the THz radiation with the sample
is negligibly small.
extract the THz waveform as described above. It should
be noted that the term ‘single-shot’ is somewhat of a
misnomer since at minimum 2 laser pulses are required
for extracting the THz electric field because a reference
image with the THz beam blocked must be subtracted
from the image of the gate beam with the THz incident
on the detection crystal in order to eliminate artifacts
and/or interference patterns in the image due to the im-
perfections of the optical components in the gate-beam
path, including the echelon optic that are not related to
the effect of the THz electric field on the polarization of
the gate beam.
III. RESULTS AND DISCUSSION
We performed OPTP measurements with the devel-
oped single-shot system using ∼10 mW of the funda-
mental laser output beam unfocused onto the intrinsic
Si sample and a pump/probe time delay of 100 ps for
both the LiNbO3 as well as the ZnTe generation cases.
Upon optical excitation, electrons from the valence band
are excited above the bandgap into the conduction band
leaving holes behind. After a 100 ps delay, some of the
THz radiation is absorbed by the free carriers. In an
applied magnetic field, the carriers will move in circu-
lar orbits due to the Lorentz force. The cyclotron fre-
quency, ωc = eB/m∗, is determined by e, the electronic
charge, B, the applied magnetic field, and m∗, the effec-
tive mass. Figure 5 shows the measured waveforms after
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FIG. 5: Measured THz waveforms for both the LiNbO3, a),
and ZnTe, b), generation. At 0 T we measure the transmitted
THz waveform with and without optically pumping the silicon
sample. At high magnetic field, the silicon sample is optically
pumped. Data was taken at 10 K for a) and 83 K for b).
passing through the Si sample upon optical pumping at
different magnetic fields, as well as the THz waveform at
0 T with no optical pump for comparison. The SNR is
sufficient to clearly see a change in the electric field in
the time-domain with applied magnetic field.
Figure 6 shows the relative THz transmission versus
magnetic field. The relative transmission calculation uses
the Fourier transform of the 0 T data without optical
pumping as the reference for the data shown. At 0 T, a
Drude-like response is observed in the frequency domain,
where free carrier absorption increases with decreasing
frequency. With increasing the magnetic field to 10 T,
two dips become clearly evident in the relative transmis-
sion corresponding to cyclotron resonance absorption of
the photoexcited carriers. With further increase in mag-
netic field above 10 T, the cyclotron resonance feature
corresponding to the lower-mass carrier leaves the band-
width of the LiNbO3 generated THz radiation, while the
feature corresponding to the higher-mass carrier remains
clearly visible up to 20 T with only the tail of the feature
remaining at 25 T and 30 T. Using ZnTe instead for THz
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FIG. 6: Magnetic field dependence of the relative THz transmission for optically pumped silicon. Data shown in a) and b)
were taken with LiNbO3 generation, and the sample temperature was 10 K. Data shown in c) was taken with ZnTe generation,
and the sample temperature was 83 K. Cyclotron resonance lines can be seen and the dashed lines are a guide to the eye for
the heavier mass feature (blue) and the lighter mass feature (red). All traces are offset linearly with respect to the incremental
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FIG. 7: Cyclotron resonance center frequency vs. magnetic
field. Results from data taken at 10 K and 83 K with both
generation schemes is combined to identify two features with
frequency linear with applied magnetic field.
generation allowed us to track the heavier mass feature
up to 30 T.
After fitting the center frequency of the cyclotron res-
onance vs. magnetic field (Fig. 7) with a line and
calculating the effective mass, we determine the car-
rier effective mass, m∗ = 0.19m0 for the lighter car-
rier and m∗ = 0.39m0 for the heavier feature, where
m0 = 9.11 × 10−31 kg. The lower-mass value matches
very well with literature value for one electron effective
mass, whereas the higher-mass value is slightly below the
literature value [31, 32] for the heavier electron when the
magnetic field is in the [100] orientation of Si.
IV. CONCLUSION
We have demonstrated optical-pump/THz-probe mea-
surements in bulk, intrinsic silicon in magnetic fields
up to 30 T by developing a single-shot THz-TDS sys-
tem around a minicoil pulsed magnet. The single-shot
measurement faithfully reproduces the THz electric field
when compared to the commonly used step scan tech-
nique. To our knowledge, these results mark the high-
est magnetic field reported for THz-TDS measurements.
Unlike rapid scanning techniques based on ECOPS or
ASOPS, this single-shot technique could potentially be
used to perform THz-TDS measurements in ultrahigh
magnetic field where typical magnetic field pulse dura-
tions are on the order of µs where the variation of the
magnetic field during the measurement of the THz pulse
would remain negligible. For ms duration pulses, the ef-
ficiency of the data taking process could be improved by
7an order of magnitude relative to these measurements
with the use of a high frame rate camera operating at
∼1,000 frames per second, the same repetition rate as
our 1 kHz laser. The magnetic field dependence could be
taken with a single pulse instead of achieving one mag-
netic field data point at the peak of the magnetic field.
This improvement is vitally important for the purpose
of varying other parameters in addition to the magnetic
field such as the sample temperature, optical-pump/THz-
probe time delay, or optical pump power, as the majority
of the time performing these measurements is spent wait-
ing for the magnet coil to cool between magnet shots.
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